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AERONAUTIC SYMBOLS 
L FUNDAMENTAL AND DERIVED UNITS 



Symbol 



Length. 
Time... 
Force. _. 

Power. . 
Speed. _ 



I 
t 

F 



P 
V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram. 



horsepower (metric), 
fkilometers per hour. 
\ meters per second. _ 



Abbrevia- 
tion 



s 

kg 



k.p.h. 
m.p.s. 



Ena 



Unit 



foot (or mile) 

second (or hour). J 
weight of 1 pound 

horsepower 

miles per hour 

feet per second 



Abbrevia- 
tion 



ft. (or mi.) 
sec. (or hr.) 
lb. 



hp. 

m.p.h. 
f.p.s. 



2. GENERAL SYMBOLS 



9, 
h 



Weight =mg 

Standard acceleration of gravity =9. 80665 
m/s 2 or 32.1740 ft./sec. 2 

Mass= — 
9 

Moment of inertia =mk 2 . (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 



v, Kinematic viscosity 

p, Density (mass per unit volume) 

Standard density of dry air, 0.12497 kg-m" 4 -s 2 

15° C. and 760 mm; or 0.002378 lb.-ft." 4 sec. 2 
Specific weight of "standard" air, 1.2255 kg/m 3 

0.07651 lb./cu. ft. 



at 



or 



3. AERODYNAMIC SYMBOLS 



s, 

G, 
b, 
c, 
b 2 
S' 

v, 

L, 

D, 

Do, 

Di, 

D„ 

C, 

R. 



Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 



Dynamic pressure=ipV 2 



Lift, absolute coefficient C L = 



qS 



Drag, absolute coefficient C D = 



D 

qS 



Do 



Profile drag, absolute coefficient <7d<> = ^§ 



Induced drag, absolute coefficient C»< = ^ 
Parasite drag, absolute coefficient ^d p =^^ 

C 

Cross-wind force, absolute coefficient @c—^g 
Resultant force 



Q, 

VI 



Cpy 



Angle of setting of wings 
line) 

Angle of stabilizer setting 
line) 

Resultant moment 
Resultant angular velocity 



(relative to thrust 
(relative to thrust 



Reynolds Number, where I is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C, the cor- 
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s., the corresponding 
number is 274,000) 

Center-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 

Angle of downwash 

Angle of attack, infinite aspect ratio 

Angle of attack, induced 

Angle of attack, absolute (.measured from zero- 
lift position) 
Flight-path angle 
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A STUDY OF AIR FLOW IN AN ENGINE CYLINDER 

By Dana W. Lee 



SUMMARY 



A ^-stroke-cycle test engine was equipped with a glass 
cylinder and the air movements within it were studied 
while the engine was being motored. Different types of air 
flow were produced by using shrouded intake valves in 
various arrangements and by altering the shape of the 
intake-air passage in the cylinder head. The air move- 
ments were made visible by mixing feathers with the enter- 
ing air, and high-speed motion pictures were taken of them 
so that the air currents might be studied in detail and their 
velocities measured. Motion pictures were also taken of 
gasoline sprays injected into the cylinder on the intake 
stroke. 

The photographs showed that: A wide variety of induced 
air movements could be created in the cylinder; the move- 
ments always persisted throughout the compression stroke; 
and the only type of movement that persisted until the end 
of the cycle was rotation about the cylinder axis. The 
velocities of the air currents were approximately propor- 
tional to the engine speed and had about the same value 
whether the flow ivas orderly or turbulent. Orderly air 
movements greatly aided the distribution of the sprays 
about the cylinder. 

INTRODUCTION 

The performance of spark-ignition engines that spray 
fuel into the cylinders during the intake stroke is im- 
proved when air flow is used to assist the mixing of the 
fuel and the air. Tests have been made with the N. A. 
C. A. combustion apparatus (reference 1) to determine 
the effect of directed air flow on the combustion char- 
acteristics of such an engine. The present paper de- 
scribes apparatus constructed and tests made to study 
the air movements in an engine cylinder and reports 
the effects of such movements on the fuel sprays with 
no combustion taking place. The size and the shape 
ol* the cylinder head were the same as those used for the 
tests of reference 1 and, in both cases, the direction of 
the air flow was principally controlled by the use of 
shrouds on the intake valves. 

APPARATUS AND TEST METHODS 

TEST ENGINE 

A steel casting that surrounded and supported a glass 
cylinder was inserted between the barrel and the head 
of a single-cylinder test engine. (See figs. 1 and 2.) 



Four large openings in the steel casting afforded an 
unobstructed view through the center of the cylinder. 
The inside surface of the glass cylinder was accurately 
ground and polished to the same diameter as the engine 
bore, and its length was equal to the engine stroke. 
The wall thickness was 0.5 inch. The lower side of the 
cylinder head was modified to (it the steel casting and, 




Figure 1.— Test engine with glass cylinder. 



when bolted down on the casting, it clamped the glass 
cylinder firmly in place. 

A hollow aluminum extension was fastened on top of 
the piston, its diameter being 0.032 inch less than the 
inside diameter of the glass cylinder. This clearance 
was determined from the height of the extension above 
the piston pin and the maximum angle of oscillation 
allowed by the clearance of the main piston in the 
cylinder bore. 

l 
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There are two inlet and two exhaust valves in the 
head, each 2 inches in diameter. Other engine constants 
are as follows: 



Engine bore 5 inches. 

Engine stroke 7 inches. 

Connecting-rod length 12 inches. 

Compression ratio 6.0. 

Ridge angle of pent-roof head 130°. 

Valve lift % inch. 

Valve timing: 

Inlet opens 15° 13. T. C. 

Inlet closes 45° A. B. C. 

Exhaust opens 50° B. B. C. 

Exhaust closes 10° A. T. C. 



MEANS OF CONTROLLING DIRECTION OF AIR ENTERING CYLINDER 

A set of intake valves was equipped with shrouds 
thai forced the air to flow past one side of the valves 
and thus imparted definite directions to the incoming 




Figure 2.— Sketch showing glass cylinder and cylinder head. 



air streams. The shrouds were thin brass strips sol- 
dered to the valve heads. They normally extended 180° 
around the head but, for one test, the shroud angle was 
reduced to 135° and then to 90°. (See figs. 2 and 3.) 
No means were provided for preventing rotation of the 
valves, for it was observed that they did not change 
their positions during the brief test periods. 



Another method of controlling the direction of the 
air as it entered the cylinder w T as to alter with modeling 
clay the shape of the intake-air passage in the cylinder 
head. Figure 4 shows how the passage to one of the 
intake valves was blocked off and the roof of the passage 

Shroud 




FIGURE 3.- Sketch of shrouded intake valve. 



to t he other valve was filled in. These changes resulted 
in the creation of an air swirl in the engine cylinder. 

MEANS OF MAKING AIR FLOW VISIBLE IN CYLINDER 

Smoke was tried as an indicator of the air move- 
ments, but the turbulent flow caused it to become inti- 
mately mixed with the air shortly after it entered the 
cylinder. 

Metaldehyde crystals, Conned by sublimation and 
recrystallization in air, were used in some of the pre- 



Exhaust side 




Intake side Section A- A 

Figure 4.— Sketch showing parts of intake-air passage in cylinder head filled with 
modeling clay. 



Liminary tests. Although they followed the air better 
than any other substance tried, they could not be satis- 
factorily photographed inside the engine nor could in- 
dividual groups of crystals be identified in successive 
pictures for the purpose of air-velocity measurements. 

The material that proved to be the most satisfactory 
indicator of air movement was white goose down, cut 
into short pieces after the heavier pieces had been re- 
moved. Its sinking speed in still air averaged about 6 
inches per second. It was introduced into the engine 
at the desired time by a double-barrel intake pipe. 
One side of this pipe admitted air from the room and 
the other side was attached to the bottom of a chamber 
containing the feathers. Butterfly valves in the two 
barrels were interconnected . one opening as the other 
closed, so that either air or air mixed with feathers 
could be admitted to the engine. 
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PHOTOGRAPHIC EQUIPMENT 

The camera used to photograph the feathers was 
developed in the laboratories of the Eastman Kodak 
Company (reference 2). The film moves continuously 
behind the lens; a rotating parallel-sided prism between 
the film and the lens moves the image in the same direc- 



was painted black so that the feathers appeared white 
against a black background. (See fig. 5.) 

SWIRL METER 

A swirl meter was used to indicate the rate of rotation 
of the air about the cylinder axis. It consisted of four 
vanes attached to a spindle extending through the 




-One frame Crfl 



speed motion-pic! nrc 



i showing feathers inside the glass cylinder. 



tion and at the same rate as the film during the exposure 
time. The pictures taken for this investigation were 
made at rates from 1,700 to 2,400 frames per second. 
The light from a large electric arc was directed through 
the glass cylinder at right angles to the camera axis, and 
the side of the glass cylinder fart best from the camera 



center of the cylinder head. (See fig. 2.) The vanes 
were driven by the rotating air and the number of turns 
was indicated by a gear driven by a worm on the spindle. 
Kach vane had an area of about 0.42 square inch. 
End thrust was taken by a ball bearing, and a lap fit 
around the spindle practically eliminated air leakage. 
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FUEL-INJECTION EQUIPMENT 

The fuel-injection system of the N. A. C. A. spray 
photographic apparatus (reference 3) was mounted on 
the engine, and a differential-pressure injection valve 
wns m Tewed into the spark-plug hole at the center of the 
cylinder head. (In fig. 2, the swirl meter is shown in- 
stalled in this hole.) Nozzles of two different types 
were used. One had four round orifices in a single 
plane, with diverging axes. The diameter of the two 
central orifices was 0.018 inch, that of the outer two 
was 0.010 inch, and the angle between the spray axes 
was 20°. The other nozzle was of the annular-orifice 
type, forming a hollow conical spray with an apex 
angle of 30°. 



to loss than 1 percent of their actual velocities. The 
pictures taken at the various conditions were re- 
peatedly projected and si udied. 

The velocities of the feathers used to indicate the 
movements of the air were measured by projecting the 
motion pictures one at a time onto a piece of paper and 
marking the successive positions of individual feathers. 
Velocities were then computed from the movement of 
the feathers and the time interval between pictures. 
Although it was impossible under the test conditions to 
obtain sharply defined photographs of the feathers, 
there never was any uncertainty in identifying them in 
successive frames from their relative size and shape. 
The velocities obtained in this manner are not the true 
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(a) Engine speed. 500 r. p. m. (b) Engine speed, 1,000 r. p. m. 

Figure 0— Velocities of feathers during the intake and the compression strokes when plain intake valves were used. 



TEST METHODS 



Separate series of high-speed motion pictures were 
made to study the air flow as indicated by the move- 
ments of the feathers and to study the effect of the air 
flow on the fuel sprays. Some motion pictures were 
made of feathers and fuel sprays together, but they 
were unsatisfactory because the feathers hid the sprays. 
The swirl meter was not installed on the engine while 
any of the motion pictures were being made, but sep- 
arate motoring tests were later made with it. Engine 
speed was limited to 1,000 r. p. m. because the motion 
pictures of the feathers became blurred at higher speeds. 

When the high-speed motion pictures were projected 
on a screen at the normal rate of 1G per second, the 
velocities of the piston and the feathers were reduced 



air velocities for two reasons: Motion parallel to the 
camera axis was neglected; and, in all accelerated move- 
ments, the feathers lagged behind the air because of 
their greater density. The first factor was partly com- 
pensated by selecting only the more rapidly moving 
feathers for measurement or, in the case of orderly air 
flow, by selecting those moving approximately per- 
pendicular to the camera axis. The inertia of the 
feathers was probably not a serious factor except in the 
entering air streams. 

MOTION PICTURES SHOWING AIR MOVEMENTS 

AIR MOVEMENTS WITH PLAIN INTAKE VALVES 

When plain intake 4 valves were used in the engine, the 
air in the cylinder was in a very agitated and turbulent 
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state during the intake stroke. Some air movement 
across the top of the chamber from the intake to the 
exhaust valves and thence down the cylinder wall was 
caused by the masking effect of the cylinder wall close 
to the intake valves, but this flow was very slight com- 
pared with the indiscriminate movements. The air 
movements created during the intake stroke continued 
throughout the compression stroke, at slowly reducing 
velocities. By the time the piston had descended far 
enough on the expansion stroke to reveal the inside of 
the cylinder (about 40° A. T. C), most of the turbulence 
had died out and, during the last two strokes of the 
cycle, the air movements were mostly due to expansion 
and expulsion of the air by the piston. 

The air in the cylinder always became densely fogged 
with water vapor early on the expansion stroke. This 
phenomenon was observed at all engine speeds and on 
dry days as well as on days of high humidity. It was 
probably caused by the transfer of heat from the com- 
pressed air to the cylinder head and walls during the 
compression stroke, so that on the expansion stroke the 
temperature of the air fell below the clew point. 

Figure 6 shows the measured velocities of feathers 
obtained during the intake and the compression strokes 
of the engine while using plain intake valves. The cor- 
responding crank angles were determined from the posi- 
tions of the piston extension in each picture. The 
velocities of the entering air streams at the valve seats 
were computed, the air being assumed inelastic, and 
they are also shown in the figure. The great range of 
velocities during the intake stroke shows how T varied the 
air speed was in different parts of the cylinder at the 
same time. The higher values were obtained from 
feathers in the air streams from the intake valves, and 
the lower values were obtained from Feathers in the 
lower parts of the cylinder where the air had lost much 
of its entering velocity. The highest feather velocities 
were less than the computed inlet-air velocities because 
they were measured 1.5 inches or more from the valve 
seats. The range of velocities was greatly reduced 
after the end of the intake stroke, and most of the air 
motion caused by the entering air streams died out 
during the expansion and the exhaust strokes. 

AIR MOVEMENTS WITH SHROUDED INTAKE VALVES 

Tests were made with the shrouded intake valves 
arranged in the nine different positions shown in 
figure 7, the shrouds extending 180° around the valves 
in each case. Arrangements A, B, C, D, and E pro- 
duced a rotation of all the air in the cylinder about the 
vertical axis. Arrangement A produced the highest 
rate of rotation with the least turbulence. Measured 
velocities of feathers obtained with this valve arrange- 
ment are shown in figure 8. The velocities are about 
twice those obtained with plain intake valves, prob- 
ably because of the doubled air velocity through the 
intake valves with 180° shrouds. The range of ve- 



locities during the intake stroke was as great as when 
plain valves were used, although the direction of the 
air flow was very consistently a rotation about the 
cylinder axis. The scatter of the test points on the 
figures showing feather velocities cannot, therefore, be 
taken as an indication of turbulence. The best method 
of evaluating turbulence was found to be a careful 
obscrva t ion of the mot ion pict ures. 

Arrangement C produced almost as high a rate of 
rotation as A but with slightly greater turbulence. 







Kim kk 7. Arrangements of the shrouded intake valves. 

The rates of rotation produced by arrangements B 
and E were about equal and both were decidedly less 
than those produced by A and C. The amounts of 
turbulence were greater, probably because in each 
case one of the valves discharged air directly toward 
the other. 

With arrangement D, the air movements in the 
cylinder during the first 140° of the cycle were domi- 
nated by the flow from the valve directing air radially 
inward. After crossing the top of the chamber, this 
air flowed down along the cylinder wall, back across 
the top of the piston extension, and then up along the 
opposite side of the cylinder, thus completing a vertical 
loop. At the same time, air from the other valve was 
being directed tangentially, so that a rotary motion 
was also being built up. During the compression 
stroke the vertical movement died out, leaving a 
relatively slow rotation of the entire air charge about 
the cylinder axis. Turbulence was greater with 
arrangement D than with any other arrangement pro- 
ducing air rotation about the cylinder axis. 



a 
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In general, it may be stated that shroud arrange- 
ments which result in the greatest rate of air rotation 
produce the least turbulence and vice versa. 

The motion pictures indicated that the air rotated 
with uniform angular velocity rather than with uniform 




intake stroke always persisted, at a decreasing rate, 
throughout the compression, the expansion, and the 
exhaust strokes. 

When both of the shrouded intake valves were set 
to direct the incoming air across the top of the chamber, 
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Figure s.— Velocities of feathers when shroud arrangement A was used. 
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linear velocity. Of course, the air in the entering 
streams was at a much higher velocity than the rest, 
but it soon expended its energy in turbulence or in 
accelerating the rotation of the air already in the 
cylinder. Any horizontal rotation set up during the 



as in arrangements F, G, and H, the air moved in a 
vertical loop as previously described. With arrange- 
ment F, the loop movement started early on the intake 
stroke. It was faster and contained less turbulence 
than the movements with arrangements G or H. Ve- 
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locities of feathers measured while arrangement F was 
used are shown in figure 9. The range of velocities 
is about the same as that obtained when other valve 
arrangements were used or when plain intake valves 
were used at twice the engine speed. With arrange- 
ment G, a marked turbulence preceded the loop mo- 
tion, which did not begin until about the middle of 
the intake stroke. With arrangement H, there was 

I 1 1 1 1 1 1 I I 

Computed air velocity 




0 80 160 240 320 

Crank angle, deg. 

Figure 9— Velocities of feathers when shroud arrangement P was used. Engine 
speed, 500 r. p. m. 



turbulent motion with some parts of the air charge 
rotating in either direction about the cylinder axis 
during most of the intake stroke. A slow vertical- 
loop motion appeared near the end of the intake 
stroke. Arrangement I also resulted in a slow vertical - 
loop movement but the direction was the reverse of 
that with arrangements F, G, and H; that is, the air 
first descended along the cylinder wall nearest the intake 
valves, then crossed the top of the piston, and ascended 
the other side of the cylinder. The loop motion began 
early on the intake stroke and was accompanied by 
marked turbulence. With each of the last four arrange- 
ments discussed, the vertical-loop movement con- 
tinued during the compression stroke but was never 
observed on the expansion and the exhaust strokes. 

AIR MOVEMENTS WITH ALTERED INTAKE PASSAGE 

When the intake-air passage in the cylinder head 
was altered as shown in figure 4, all the air entered the 
cylinder through a single plain valve. The shape of 
the intake passage caused the entering air stream to 
pass to one side of the cylinder axis and be slanted 
downward about 45°. The resulting air movement 



in the cylinder was complicated. During the intake 
stroke, the air moved in a loop similar to that de- 
scribed except that, instead of being in a vertical 
plane, it was slanted across the cylinder. This air 
movement set up a general rotation of the air charge, 
which continued to the end of the cycle. Turbulence 
was general throughout the cylinder during the intake 
stroke but died out during the compression stroke. 
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Figure 10.— Velocities of feathers after the intake-air passage had been altered. 
Engine speed. 500 r. p. m. 

Velocities of feathers obtained when the altered intake 
passage was used are shown in figure 10. They are 
slightly lower than those obtained with shrouded 
valves in arrangement A. 

MEASUREMENT OF THE RATES OF AIR SWIRL 
Two methods were used to measure the rates at 
which the air rotated about the cylinder axis. In one, 
the high-speed motion pictures were projected onto a 
screen one at a time and the angular velocities of the 
feathers were obtained from the time it took them to 
pass between two vertical lines on the screen, spaced 
to represent 30° of rotation. A distance of 2 inches 
was chosen as the mean radius of the rotating feathers 
because some stereoscopic high-speed motion pictures 
made with a special attachment on the camera showed 
that the paths of most of the feathers lay within 1 
inch of the cylinder wall. The results of measuring 
the rates of air swirl in the foregoing manner are shown 
in figures 11 to 14. The test points were scattered as 
widely as those in the figures showing velocities of 
feathers, but they are shown only in figure 14, which 
contains a single test condition. The entire 4-stroke 
cycles are represented, the dashed portions of the 
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curves being the regions near top center where the 
inside of the cylinder was not visible. 

The second method used to measure rates of air 
rotation was to obtain with a stop watch the time 
required for several hundred turns of the swirl meter. 
This method is considered less reliable than the photo- 



5,000 



graphic method because of the inertia and the friction 
of the rotating parts and because it measures the swirl 
in only a small part of the chamber. It was used, 
however, mostly as a chock on fche other tests, and the 
conclusions given at the end of this report are based 
mostly on the results of the photographic method. 
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Figure 11.— Effect of shrouded intake-valve arrangement on rate of air swirl. Engine speed, 500 r. p. i 
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Figure 12.— Effect of engine speed on rate of air swirl when shroud arrangement A was used. 
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Table I gives the mean swirl rates obtained by 
integrating the curves in figures 11 to 14 and also 
gives the results of the swirl-meter tests. The meter 
usually gave a higher mean rate than the photographic 
method, probably because the rotating vane of the 
meter was close to the intake valves where the air 
velocity was high. 

TABLE I 
MEAN SWIRL RATES 



Condition causing swirl 



Shrouds 



'Arnur/rinrnt : 

A 

B 

C 

D__ . 

E 



Altered intake passage. 



Shroud 
angle 
(deg.) 



180 



180 
135 
90 



Engine 
speed 
(r. p.m.) 



350 
500 
750 
i.i 

500 

500 



Mean <w\r\ rate 
(r. p. m.) 



Photo- 
graphic 
method 



1,100 
700 
950 



750 
700 
1,100 
1,600 
2, 000 
1, Mil 
950 
650 
S50 



Swirl 
meter 



1,340 
1,260 
720 
380 
1,090 
910 

1.310 

2, 140 
2, 960 



1,060 



Variations in swirl rate with crank angle, when the 
shrouded intake valves were used in arrangements A 
to E, are shown in figure 11. With each arrangement 
except D, the swirl rate was greatest at about 1 10 crank 
degrees after the beginning of the intake stroke, dropped 
to about half the maximum value at 250 crank degrees, 
then slightly increased while the piston was moving 
most rapidly on its compression stroke, and finally 
decreased slowly for the rest of the cycle. Valve 
arrangement A gave the highest mean swirl rate, and 
arrangement D gave the lowest. As explained earlier, 
the air movements with arrangement I) were domi- 
nated during the first 140 crank degrees by air from 
the radially set valve. Although rotation was slowly 
building up during this period, it could not be measured 
from the movements of the feathers; this part of the 
curve in figure 1 1 is therefore given as a broken line. 

The effect of engine speed on the rate of air swirl, 
when shroud arrangement A was used, is shown in 
figure 12. Swirl rates were approximately propor- 
tional to the engine speed, the maximum rate being 
about 5.5 times the engine speed and the mean rate 
being about twice the engine speed. 
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FIGURE 13.— Effect of shroud angle on rate of air swirl when shroud arrangement A was used. Engine speed. 800 r. p. in. 
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Figure 14— Air swirl created by altering shape of intake-air passage. Engine speed, .500 r. p. m. 
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Figure 15.— High-speed motion pictures of sprays from the 4-orifice nozzle using different intake conditions and fuels, (a) Plain valves, gasoline spray; (b) shrouded valves in arrangement A, gasoli 
spray; (c) shrouded valves in arrangement F, gasoline spray: (d) altered intake passage, gasoline spray; (e) altered intake passage, Diesel-fuel spray. 




FigcRE 16.— High-speed motion pictures of sprays from the annular-orifice nozzle using different intake conditions and fuels, (a) Plain valves, gasoline spray; (b) shrouded valves in arrangement A, gasoline 
spray; (c) shrouded valves in arrangement F, gasoline spray; (d) altered intake passage, gasoline spray; (e) altered intake passage, Diesel-fuel spray. 
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The effect of decreasing the angular extent of the 
intake-valve shrouds from L80° to L35° and then to 
00°, while shroud arrangement A was used, is shown 
in figure 13. Table 1 indicates that the mean swirl 
rates were roughly proportional to the shroud angle. 
Figure 14 shows how the swirl rate changed when the 
intake-air passage was altered. The maximum rate 
of swirl came at about 85 crank degrees after the 
beginning of the intake stroke, earlier than when 
shrouded intake valves were used; and the swirl rate 
during the last half of the cycle was very low. 

EFFECT OF AIR MOVEMENT ON FUEL SPRAYS 

TEST CONDITIONS 

High-speed motion pictures were taken of sprays 
from the 4-orifice nozzle and from the annular-orifice 
nozzle injected into the cylinder on the intake stroke. 
Injection began at 70° A. T. C. in each case and lasted 
18 crank degrees with the 4-orifice nozzle and 70 crank 
degrees with the annular-orifice nozzle. An injection 
pressure of 2,000 pounds per square inch was used with 
both nozzles, and the amount of fuel injected was ap- 
proximately equivalent to full-load fuel quantity. Two 
fuels were used, aviation gasoline and a high-grade 
automotive Diesel fuel. The Diesel fuel was used at 
only one condition, so the following description of 
results refers to gasoline sprays unless it is otherwise 
stated. Neither fuel was ignited, but the penetration, 
the distribution, and the rate of vaporization of the 
sprays were studied from the motion pictures. Four 
air-intake conditions were used at an engine speed of 
500 r. p. m., as follows: with plain intake valves, with 
shrouded intake valves in arrangements A and F, and 
with the intake passage altered. 

SPRAYS FROM THE 4-ORIFICE NOZZLE 

Some of the motion pictures of the 4-orifice sprays 
are reproduced in figure 15. Only every third picture 
taken is shown, and they have been spaced to fit a 
uniform scale of crank degrees. The penetration of the 
sprays was unaffected by the air movements in the 
cylinder, the tips of the two inner sprays reaching the 
piston about 5 crank degrees after the start of injection 
in each case. Most of the fuel impinged on the piston 
or the cylinder walls, showing that the orifices were too 
large or the injection pressure too great. The central 
parts of the four jets were not deflected by even the 
most rapid air movements; but the fine mist in the 
spray envelopes, and also the mist formed by impinge- 
ment on the piston, was picked up and distributed by 
the air currents. When shroud arrangement A was 
used, the mist was well distributed in the lower part of 
the cylinder where most of the fuel went, but it failed 
to mix with the air in the upper part of the cylinder. 
When shroud arrangement F was used, the mist was 
carried to the upper part of the cylinder, leaving the 



center of the cylinder relatively "lean." Altering the 
intake-aii- passage in the engine head seemed to be the 
most effective way to secure rapid and complete mixing 
of the fuel and the air in the cylinder, probably because 
this change resulted in air movements having both 
horizontal and vertical components and also containing 
much small-scale turbulence. 

SPRAYS FROM THE ANNULAR-ORIFICE NOZZLE 

The penetration of sprays from the annular-orifice 
nozzle was markedly affected by air movements in the 
cylinder. (See fig. 16.) With plain intake valves, the 
sprays reached the piston about 20° after the start of 
injection. With shrouded intake valves in arrangement 
A, the spray never quite reached the piston; but, with 
shroud arrangement F, it reached the piston in 25 crank 
degrees. When the intake passage in the head was 
altered, it took the spray 110 crank degrees to reach the 
piston, and by then it had been well broken up by the 
air currents. The lack of penetrating power in this 
type of spray is well illustrated by the fact that the 
sprays were deflected by even the slow r vertical-loop 
movement obtained with plain intake valves, caused by 
the partial masking effect of the nearby cylinder wall. 
The air movements obtained with shrouded valves and 
with the altered intake passage distributed all the fuel 
in the conical sprays about the cylinder in much the 
same way that they distributed the mist surrounding 
the sprays from the 4-orifice nozzle. 

COMPARISON OF GASOLINE AND DIESEL-FUEL SPRAYS 

Diesel-fuel sprays were used only with the altered 
intake passage. In this case their appearance and be- 
havior were about the same as gasoline sprays. A 
failure of part of the apparatus terminated the test 
program before additional pictures of Diesel-fuel sprays 
could be taken. 

CONCLUSIONS 

The results of the experiments described in this report 
may be summed up as follows: 

1. Air movements created in the engine cylinder 
during the intake stroke continued throughout the com- 
pression stroke and were a distinct aid to the distribu- 
tion of gasoline sprays injected into the cylinder. 

2. The velocities of induced air movements were ap- 
proximately proportional to the engine speed and about 
inversely proportional to the flow area at the intake 
valves. They were about the same whether the air- 
flow was orderly or turbulent. 

3. The use of shrouded intake valves set to direct 
the incoming air tangentially caused the air to rotate 
rapidly about the cylinder axis. The maximum rate of 
rotation was reached at about 110 crank degrees after 
the beginning of the intake stroke, and the rotation 
continued until the end of the exhaust stroke. 
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4. When shrouded intake valves were set to direct 
ilic incoming air across the (<>|>s of the cylinders, tin* 
air moved in vertical loops and the movement died out 
at the end of the compression stroke. 

5. The use of a single plain intake valve with its 
manifold shaped to direct the incoming air tangentially 
resulted in a rotation of the air accompanied by con- 
siderable turbulence and some vertical air movements. 



Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., September 15, 1938. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 


Force 
(parallel 
to axis) 
symbol 


Moment about axis 


Angle 


Velocities 


Designation 


Sym- 
bol 


Designation 


Sym- 
bol 


Positive 
direction 


Designa- 
tion 


Sym- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal 

Lateral 


X 
Y 
Z 


X 
Y 
Z 


Rolling 


L 

M 
N 


Y >Z 

Z — >x 


Roll 


<*> 
0 
$ 


u 

V 

w 


P 


Pitching 

Yawing 


Pitch 

Yaw 


Normal. _ _ 


X >Y 



Absolute coefficients of moment 

Ll ~qbS Lm ~qcS 
(rolling) (pitching) 



Vn ~qbS 

(yawing) 



Angle of set of control surface (relative to neutral 
position), 5. (Indicate surface by proper subscript.) 



D, 

P> 

P/D, 
V, 



T, 

Q, 



Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient C T = 



Torque, absolute coefficient C Q = 



Q 



4. PROPELLER SYMBOLS 

p 

P, Power, absolute coefficient pV zjyi 

Pn z 

Efficiency 

Revolutions per second, r.p.s. 
Effective helix angle = tan" ^—^^ 



n, 



5. NUMERICAL RELATIONS 



1 hp. = 76.04 kg-m/s=550 ft-lb./sec. 
1 metric horsepower= 1.0132 hp. 
1 m.p.h. = 0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h. 



1 lb. =0.4536 kg. 

1 kg=2.2046 lb. 

1 mi. = 1,609.35 m = 5,280 ft. 

1 m=3.2808 ft. 



